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Existing lift systems for air cushion vehicles (ACVs) display two
fundsmental weaknesses: excessive internal losses resulting in low
system efficiencies and poor adaptability to fluctuations in cushion

pressure.

Demonstrated performance of the rotating diffuser (RD) as a basic air

mover eliminated the latter objection, although existing applications

were designed without the weight considerations for airborne or air-
supported operations. The following study analyzes the fan loadings

and the configuration constraints for ACVs as they apply to the rotating
diffuser and, through scale model tests, determines the internal efficiency

of such a system.

The results indicate that consistently high internal efficiencies ex-
ceeding the best present ACV lift-system performance by 40-45 percent
over a broad range of loadings can be provided by an RD fan systenm
weighing no more than existing fan-duct-nozzle systems.
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SUMMARY

This report presents the overall results of a study of the application of rotating-
diffuser centrifugal fans (RD fans) as air movers to peripheral -jet ground effect
machines (GEMs), conducted under Contract DA 44-177-AMC-886(T). The
overall investigation consists of aerodynuinic, structural, fabrication, and design
studies.

The RD fan, which consists of a centrifugal impeller with a rotating diffuser, was
conc ived and developed by Etablissements Neu of Lille, France, around 1950.
History o’ this development is therefore presented. A comparison of the performance
characteristics of the RD fan at various stages of development and of other centrif-
ugal fans is made. The main features of the RD fan are explained in the simplest
possible way, using Euler's equation and simple flow diagrams. Next, a more com=
plete theory of the RD wheel is suggested; this theory gives a mathematical model of
the wheel, in terms of a set of experimentally-to-be-determined hydraulic loss co-
efficients. The actual method used to predict the performance of an RD wheel,
developed by Etablissements Neu, is discussed briefly, within the limits imposed

by the need to protect the proprietary interests of Etablissements Neu and of Joy
Manufacturing Company .

The advantages of using the RD fan as an air mover for a peripheral-jet GEM are
brought to light as the result of a qualitative discussion concerning the general fac-
tors that influence the matching of the fan as well as the internal ducting of a GEM,
as these factors affect the nozzle, delivery duct, the air intake duct and the fan
itself.

The design problems of the duct=RD fan system are discussed. It is proposed that the RD
fan be used in the GEM without a conventional volute by using a radial-flow delivery
technique. Design of the delivery duct system is therefore of critical importance. The
theoretical investigation was therefore bacl.ed up by an experimental program; first,

an RD fan was installed in a GEM model to simulate a circular planform; then, it was
installed in another model to simulate an oval planform; thus, the aerodynamic char-
acteristics of the RD fan could be studied. It was found that high overall internal-flow
system efficiencies can be achieved.

A study of environmental, structural, and fabrication problems of RD fans is also re-
ported. In particular - state-of-the=-art survey of applied loads for GEMs insofar as
they affect the design of an RD fan system is presented. The stress analysis of a 1000-
HP impeller was made, and weight estimates are presented for various fabrication ap-
proaches. It is shown that lightweight RD fans of large size can be built.



Finally, the results of two design studies, applying the RD fan to two markedly
different GEM configurations, are reported. The results provide a vivid illustra-
tion of the potential advantages of the application of RD fans to GEM:s.

In conclusion, results of the overall investigation indicate that RD fans are well
suited to GEM applications because of high aerodynamic efficiency, low weight,
and operational advantages, such as sturdiness and quietness.



CONCLUSIONS

It is concluded that:

1.

A rotating diffuser fan incorporured as a primary air mover for the internal
flow of a ground effect machine has a satisfactory aerodynamic performance.
For a full-scale fan (1000 HP), an overall system efficiency of 85 percent
has been obtained for a circular configuration. Efficiencies of 70 percent
have been obtained for an oval configuration. Additional research should
permit the latter figure to be raised. Design of the internal-flow system

for a noncircular configuration requires model testing and great attention

to detailed flow characteristics. The performance potential of the RD fan
appears greater than that of the axial fan for this application.

Lightweight RD fans can be built. In most instances, the RD fan can be
built as light or lighter than the axial fan designed for the same duty.
However, such fans have not yet been built. A development program is
necessary in this area to realize the full potential of the RD fan.

Combined advantages of high aerodynamic efficiency and low fan weight

for a given power plant and total craft weight permit a GEM design with
higher payload than that with a corresponding axial fan design. Reduced
ducting volume means a higher useful volume to accommodate the additional
payload. Additional important advantages of the RD fan to the designer are
its sturdiness, leading to safety, and low noise.

The RD fan is found to be an efficient air mover which lends itself to uses

other than those contemplated under the present contract. A design concept
using a multipad plenum chamber GEM concept is discussed briefly in this
report. The RD fan also has extensive applications in V=STOL design whenever,
due to geometric limitations of certain internal-flow systems, the use of a
conical or rectangular diffuser for energy conversion is impossible.



RECOMMENDATIONS

It is recommended that:

Theoretical and practical methods of designing and fabricating lightweight
RD fans be given expanded interest, since the RD fan may be one of the most
efficient ways for diffusing flows in geometry-limited internal -flow systems.
This ability to diffuse is achieved at the expense of a larger rotating impeller,
since some of the duct is made to rotate; hence, the importance of structural
problems.

It is indicated in this report that an indeterminate structural analysis of
the RD fan is available in the literature. Thi- analysis should be applied
to the RD fan. Concurrently, a lightweight wheel of moderate size (100
to 150 HP) should be designed, built, and extensively tested.

Additional aerodynamic work on GEM configurations of norcircular plan-
form be performed to increase the overall efficiency of the noncircular
configuration so that it approoches that of the circular configuration.

An experimental program for the detailed survey of the flow within an RD
impeller be conducted, since it would be both of great theoretical and of
great practical interest. Information gained would permit analytical pre=-
diction of the head-capacity curve of an RD fan and analytical design of RD
fans for specified missions.

Additional study be devoted to the plenum chamber pad concept proposed
in this report.



INTRODUCTION

A large variety of air movers has been suggested for peripheral -jet ground effect
machines (GEMs). For example, possible air movers listed in Reference 43 include
axial-flow fans, centrifugal (or radial-flow) fans, ejectors, turbine engines, tip
turbine fans, etc. However, as noted in Reference 43, present-day applications

in the United States make almost exclusive use of axial -flow fans. To the con-
trary, extensive applications of radial-flow fans to GEMs have been made in the
United Kingdom.

There is a growing feeling that, for many applications, the radial-flow fan may
represent a more practical solution to the air-moving problem of peripheral-jet
GEMs than the axial-flow fan. Under Navy sponsorship, the AiResearch Manu-
facturing Company of Arizona is developing a radial fan called the T-fan (Ref-
erence 55). Under Contract DA 44-177-AMC-886(T) with the U.S. Army Trans-
portation Research Command, the Aerophysics Company has been studying the
application of rotating-diffuser centrifugal fans (hereinafter called RD fans) to
GEMs.

The RD fan concept is not new. RD fans have been developed since the late forties

as a proprietary item by Etablissements Neu of Lille, France, and are manufactured
under license in the U.S. by Joy Manufacturing Company of Pittsburgh, Pennsylvania
and New Philadelphia, Ohio. However, the application of the RD fan to GEMs as

an internal -flow air mover presents challenging problems of an aerodynamic, struc-
tural and manufacturing nature. These problems were studied under the program which
is reported in the following pages. The term "radial -flow fan" is used in the title of
this report, but it must be understood that most of the report is concerned with the

Joy RD fan, which is a special type of radial-flow fan.

The program discussed in this report consisted of six phases. In Phases |l and Ill, a
theoretical study of the Joy rotating-diffuser fans is made; Phase Il considers the

fan alone, and Phase Il considers its use in ground effect. In Phases | and 1V,
structural and fabrication problems of RD fans for ground effect machine use were
studied. In Phase V, an experimental investigation of the aerodynamic character-
istics of the Joy RD fan successively installed in two different GEM model config=
uragions, simulating, respectively, a circular planform and an oval plenform GEM,
was conducted. Finally, as part of Phase VI, two design studies w~re made of ground
effect machines incorporating internal -flow systems with RD fans. In the first design
study, a machine was designed that is similar to the U.S. Navy Bureau of Ships



Hydroskimmer | except that the four axial fans of the Skimmer | were replaced
by two RD fans. In the second study, a design was proposed for an Army ground
mobility device,which takes full advantage of the high efficiency of the RD
internal -flow system.

A summary of the overall work performed under the contract was also required under
Phase VI of the contract and is presented herein as the final report under the con-
tract. All elements of the earlier phase reports are incorporated in the report, al~-
though the material in the Phase V and Phase 1V reports is presented in abridged
form.

The work performed under Contract DA 44-177-AMC-886(T), which includes
structural, weight, and design studies as well as aerodynamic studies, forms the
basis for a comprehensive systems analysis study of GEM internal -flow systems in-
corporating RD fans. The next step would be an optimization of the fan=-internal-
flow system. Such an optimization was beyond the scope of the contract. However,
the results obtained to date are sufficient to indicate the significant advantages of
RD fans in GEMs over either axial or conventional centrifugal fans.



SECTION |

GENERAL CONSIDERATIONS ON THE FAN-DUCT
MATCHING PROBLEMS OF A GEM

The general requirements for fan-duct-cushion matching for a ground effect
machine using centrifugal fans as air movers have been discussed expertly in Ref-
erences 54 and 55 by Senoo, of the AiResearch Manufacturing Company of Ari-
zona. The discussion of this section will parallel closely that of Senoo, for reasons
which are set forth in what follows.

Quite obviously, of the three parameters, fan, duct,and cushion, the only one
which can be varied relatively freely is the fan, since, for a given GEM, the
size of the internal ducting is determined by the size and the layout of the machine
and the aerodynamic characteristics of the air cushion; hence,the flow conditions
at the nozzle of the machine are determined by the desired performance of the
machine. In other terms, by specifying a GEM mission and a type of machine
(such as skirted or unskirted peripheral jet), one pretty well defines the duty of
the fan (pressure rise against capacity), and the problem is to design a fan with
the highest possible efficiency during most of the mission. Senoo's proposed fan,
in the study referred to above, is a radial-flow, helico-centrifugal fan, which
was called the T-fan (Reference 55). Its main feature is the claimed ability to
deliver very large volume flows of air ot the desired pressures of 20 to 200 pounds
per square foot gage, which are typical of present-day GEM missions.

In 1961, on the occasion of design studies relating to two design competitions
(References 8 and 9), Aerophysics Company faced the some problem of the design

of an efficient air mover, to which AiResearch's answer was subsequently to be

the T-fan. However, the answer was different. It was concluded that the design
from scratch of a new fan might not be warranted, since an intensive search had
disclosed the existence and availability of the Joy RD-fan, which, properly
modified, appeared to satisfy the requirements of an efficient GEM internal-flow
mover. This idea was taken to the U.S. Army Transportation Research Command, and
the study discussed in this report resulted.

As a first step, the basic philosophy establishing the compatibility of the RD fan
for GEM internal-flow duties is reviewed in this section.



DUCT PRESSURE LOSSES

Pressure losses are either wall friction losses or total pressure losses due to flow

separation or stall. In order to reduce wall friction, one should (1) have as low
a duct velocity as possible, (2) make the wall surface smooth, and (3) minimize
the wall surface area.

Stall is likely to be present in a duct either (1) if an attempt is made to diffuse the
flow, or (2) along a bend. Stall losses are therefore reduced if no attempt is
made to diffuse the flow and if bends of the duct cre minimized.

DESIRABLE DUCT GEOMETRIES

Nozzle

At the exit of the peripheral nozzle of a GEM, the static pressure across the nozzle
is not uniform. On the inside, it is equal to the base pressure; on the outside, it
is equal to the induced pressure around the GEM created by the external flow. In
hovering, the outside static pressure is ambient; the inner side of the jet faces the
base pressure, which is considerably higher than the mean static pressure of the

jet at the exit. This is combined with the fact that the inside wall of the nozzle is
a convex surface and the maximum velocity in the nozzle occurs immediately up-
stream of the lowest exit velocity. There may likely result a separation of the flow
from the inner wall.

Performance of the system may thus be reduced oppreciably. In order to avoid flow
separation, a low velocity and a high static pressure should be maintained within
the duct so that the mean flow is continually accelerated toward the exit of the
nozzle.

If @ wide nozzle is used, the volume flow is large and the total pressure of the jet
is low. In order to keep a relatively high static pressure in the nozzle duct, the
velocity in the duct must be very low, and an undesirably large duct is required.
If the size of the duct is limited, the velocity in the duct thus increasing in pro-
portion to the flow rate, then the pressure loss in the duct increases in proportion
to the square of the velocity. Therefore, the internal efficiency of a wide-nozzle
lifting system is inherently low.

The narrow-nozzle system, on the other hand, requires high pressure rises and
smaller flow rates. The internal efficiency of a narrow nozzle system is in-

herently high.



However, conversely, as will be seen in Appendix Il, a fairly wide nozzle is
desirable from the standpoint of cushion aerodynamics. Since internal-flow effi-
ciency and external-flow efficiency thus go in opposite directions, an optimum
must exist.

Delivery Duct (Figure 1)

A general discussion similar to that of References 54 and 55 may be dangerous

and misleading in the present case. As will become apparent later in this report,
the ducting requirements for a GEM air mover based on the rotating diffuser centri-
fugal fan concept are substantially different from those for axial-flow fans. Duct-
ing for RD fans is much reduced as compared to axial-flow fans, since some of the
functions of the ducting are handled by the fan. For an axial-flow fan system, the
ducting does two things: (1) turn the flow 90 degrees, assuming that the axis of
the fans is vertical, and (2) diffuse the flow between the fan and the peripheral
n.zzle to accommodate given nozzle conditions. Both of these things are done

by the rotating diffuser centrifugal fan within the fan. Not only can the RD fan
be looked upon as a device to raise air pressure, but also as a "rotating duct."
However, the function of the duct remains to lead the air from the fan exhaust to
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Figure 1:  Schematic Representation of o GEM Internal-Flow System



the peripheral nozzle. It is not necessary that this be done while diffusing the
flow. A special feature of centrifugal fans, which does not exist for axial fans,

is that they do not operate unless they are matched with a casing or a volute.

The question must be asked whether a conventional volute must be used or whether
the volute can be combined as part of the ducting. The answer to this question is
likely to depend upon the planform shape of the GEM; i.e., of its peripheral
nozzle. If the planform is circular, an even distribution of the flow to the annular
nozzle appears easy, and the problem is reduced to that of finding the equivalent
of the cutoff for a centrifugal fan with volute. If the planform is not circular,
the additional problem is to insure the proper flow distribution all around the peri-
phery of the nozzle.

Also, as was mentioned in connection with the nozzle, the distribution of static
pressure on the periphery of the GEM variesas the GEM speed changes. It is
desirable to incorporate a plenum chamber between the fan and the nozzle to
act as a "buffer" between the outside flow and the fan. However, if a plenum
chamber is installed between the fan and the nozzle, the dynamic pressure at the
entrance of the plenum is dissipated in the plenum. Since a low velocity and a
high static pressure are required in the duct neor the nozzle, a low velocity at
the exit of the fan is required.

Air Intake Duct

In order to achieve a high internal efficiency and ram recovery efficiency, the
velocity in the intake duct should be decided from the following consderations:

1. The ratio of axial velocity to the speed of the GEM should be
larger than a certain critical value which depends upon the intake
geometry. For a flush intake with a one-third ring flow-deflector
vane, the critical value is 2. (See References 54 and 55.)

2. A small fan and a small duct are preferable to a large fan and a lorge
duct because of space limitations and system weight considerations.

3.  The friction loss in a duct is proportional to the fifth power of the

hydraulic diameter for a constant mass flow. Since the intake duct
is short, the friction loss in the intake duct itself is negligbly small.
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GEM FAaN REQUIREMENTS

Fan-Duct Compatibility

Exact fan requirements are dictated by the specific requirements of a particular
GEM type. In the present study, the emphasis is placed on annular-jet-type
machines. Even for such machines, fan requirements can vary from pressures as
low as 20 pounds per square foot to pressures as high as 150 pounds per square foot.

Though it is dangerous to generalize, it can be concluded from the previous dis-
cussion that a low velocity is desirable at the exit of the fan but a high velocity is
preferable at the intake duct. The condition at the exhaust of the fan, that the
velocity be low, is more important than the condition at the inlet, that it be high.

By reference to the arguments stated in Section Il it becomes evident that the Joy
rotating diffuser centrifugal fan fulfills the requirements stated above. The RD

fan has a low exhaust velocity, with a very high static pressure recovery. How-
ever, it must be pointed out that it is not small in size; specifically, it is much
more bulky than the AiResearch T-fan discussed in Reference 55. An evaluation
of the weight of the fan and of the fan duct system is given later in this report. As
has been explained before, the RD fan fulfills the role of much of the fixed duct-
ing in more conventional fans. |ts bulk must therefore be considered in terms of
the saving in bulk and weight of the fan-duct combination, not in terms of the
changes for the fan alone.

Operational Requirements

A GEM fan must be rugged, self-cleaning and have as low a noise level as

possible.

In addition, for operation over water, the head-capacity curve must be flat for
the full operati 1 between zero capacity and the design operating point. This

is desirable to make possible the lifting of the machine off the water without
surging and flow instability. Besides, should the head-capacity curve dip around
the zero-capacity point, the proper amount of lift required to lift off the water
would only be obtained at the expense of odditional installed power.

The Joy RD fan excellently fulfills the two above operational requirements, as
will be shown in the subsequent discussion.
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SECTION 11

DESIGN PROBLEMS OF AN RD FAN SUITABLE FOR A GEM

A schematic representation of a GEM internal-flow system is shown in Figure 1.
It can be seen that the system consists of an air inlet duct, an RD fan, a delivery
duct, a peripheral jet, and an air cushion. In this section, the aerodynamic

characteristics of the RD fan alone and of the delivery duct system are discussed
in general terms.

RD FAN

A schematic cross-section of an RD fan is shown in Figure 1. Very briefly, the
RD fan is a shrouded centrifugal fan with a conventional impeller, by means of
which the flow is turned ninety degrees. The special feature of the fan is that,
once the flow is turned, it is decelerated in a bladeless rotating diffuser. An
overall view of the 20-inch diameter RD fan, the tests of which are discussed in
this report, is shown in Figure 2. The difference between the Joy RD fan and the
proposed AiResearch T-fan of Reference 55 is thus that, in the RD fon the flow

is first turned and the energy added to it, then diffused; while in the T-fan, turning,
energy addition and flow diffusion occur simultaneously .

A

Figure 2: Overall View of RD 20-Inch Diameter Test Fan
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Detailed information on the RD fan is presented in Appendix |, where the history

of the development of the RD fan by Etablissements Neu, of Lille, France, is
presented. Also shown in Appendix | is a comparison between the performance
characteristics of the RD fan at various stages of development and that of other

types of centrifugal fans. Next, the main features of the RD fan are explained in
the simplest possible way, using Euler's equation and simple flow diagrams. Also,

a more complete theory of the RD wheel is suggested. This theory gives a mathematical
model of the wheel, in terms of a set of experimentally-to-be-determined hydraulic
loss coefficients. Finally, the actual method used to predict the performance of an
RD wheel, developed by Etablissements Neu, is discussed briefly in Appendix |,
within the limits imposed by the need to protect the proprietary interests of Etablisse-
ments Neu and of Joy Manufacturing Company .

DESIGN OF THE DELIVERY DUCT SYSTEM

Air discharged from the fan must be efficiently delivered to the peripheral jet of
the GEM. Also, a volute or the equivalent must be provided to insure the proper
operation of the RD fan.

Following are three of the many basic duct systems from which to choose:

Volute and Plenum System

The RD fan is installed with a conventional volute, at the exit of which the air is
dumped into a large plenum chamber. Air is supplied to the base jet nozzle from
the plenum chamber; therefore, flow distortion at the jet nozzle is not transmitted
to the fan.

A significant disadvantage of this system is the dumping loss which could be
eliminated if the plenum were omitted. In oddition, the internal volume of such

a configuration is enormous.

Veneless Duct System

In this configuration, the flow exhausting from the rotating diffuser is directly
connected to the nozzle at the periphery of the GEM. Since the flow at the
nozzle is not axisymmetric with respect to the center of the fan, the streamlines
will adjust themselves in the vaneless duct. The flow at the exit of the fan may not
be oxisymmetric even at the design condition. Furthermore, without the volute,
there is no assurance o priori that the desired aerodynamic characteristics of the
fan will be obtained.

13



The pressure loss in the duct dr marily upon the relative location of the

base nozzles with respect to the it the base nozzles are distributed relatively
uniformly around the fan, a high efficiency may be expected if the problem of the
fan cutoff can be taken care of. On the other hand, if the nozzles are concentrated
on one side of the fan, the pressure loss will be significant. Special care must be
exercised for the flow rate at the peripheral nozzles in order to be reasonably
uniform.

The success of this configuration will lie, first, in the ability to find aerodynamic
means to replace the volute used in the conventional RD fan. Second, one must
be able to minimize duct losses and to insure uniform distribution of the flow at the
nozzle periphery. Since theory alone cannot provide an answer to these questions,
extensive model investigations were carried out as will be pointed out in greater
detail in Section |11.

Multiduct System

In this configuration, as for the AiResearch T-fan, many individual ducts are used

to connect the fan and the peripheral nozzles. ldeally, at the design condition, the
pressure losses in the duct are only friction losses, and a high internal efficiency
may be hoped for. The guide vanes also serve as structural members which support
the load above the ducts.

The enormous disadvantage of this system is the performance loss that is sure to

occur at off-design conditions. As the flow rate or the pressure rise of the fan
changes, the direction of flow at the exit of the fan varies, and the air does not flow
smoothly into the ducts. A large pressure loss can occur at the duct inlets. Since

it was stated that a GEM had to be designed for a wide range of flow conditions, the
multiduct approach appears dangerous, unless provisions are incorporated to vary

the curvature of the various ducts as a function of the flow conditiors.

PROPOSED DELIVERY DUCT SYSTEM

It was realized early in this program that it was impossible to predict theoretice . ly
the performance of a given delivery duct configuration and corsequently impossible
to choose a particulor duct configuration for its superior performance over other
configurations. It was necessary to rely on judgment and experience for an initial
configuration; a test program was established to test extensively a few configura-
tions which appeared most promising.

14



The first configurations, volute and plenum chamber, never presented much attrac-
tion for a conventional peripheral-jet GEM. (It could be attractive for other types
of machines, which fall outside the scope of this study.)

A modified form of the third configuration, i.e., a multiduct system, was originally
selected for test. Before the test model could be designed, however, consulta-
tion with Etablissements Neu and with the Joy Manufacturing Company led to the
abandonment of that configuration, on the grounds that it would not permit effi-
cient operation of the GEM through a wide range of operating conditions.

In the past, Etablissements Neu has .ad limited experience with a vaneless duct
system, used in multistage installations in lieu of volute. The duct system is not
entirely vaneless, however, but the vanes are located in the nozzle rather than in
the duct leading to the nozzle. Such a system was strongly recommended by Neu
to Aerophysics, and the decision was made to test such a configuration. The tests
were first made on an axisymmetrical GEM of circular planform. Next, an oval
model was built, representing one-half of a typical hull-shaped configuration (such
as the proposed Bureau of Ships Hydroskimmer [l). The purpose of this model was
to test the non-uniformity of the flow delivered by the fan along the periphery of
the nozzle, and to find ways to correct the nonuniformity by acerodynamic means.
For a description of the test models, tests and test results (which were fully suc-
cessful), the reader is referred to Section 1V of this report. It was established that
a nearly-vaneless duct system connecting the RD fan and the peripheral nozzle can
be designed to carry the flow from the fan to the nozzle with good efficiency over
a wide range of flow conditions.
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SECTION Ili

THEORETICAL ANALYSIS

FAN

There does not presently exist a satisfactory theoretical representation of the flow
within an RD fan. An attempt at establishing the elements of such a theory is made
in Appendix |. The formulation of Appendix | is made in terms of experimental
coefficients (hydraulic loss coefficients) which are not presently known with any
amount of reliability.

Because of the difficulties of the purely theoretical approach, Etablissements Neu
during the past ten years developed a practical method of prediction of RD fan
performance. This method is discussed in general terms in Appendix |. The method
was applied to prediction of the performance of the 20-inch RD wheel, the tesis

of which are discussed in Section IV of this report.

A comparison between predicted and actual performance is shown in Figures 12 and
13. The comparison indicates the remarkable accuracy of the Neu performance
prediction method.

CUSHION AERODYNAMICS

An extensive discussion of the state of the art of cushion aerodynamics as a deter-
mining factor in the determination of the internal-flow requirements of a GEM s
made in Appendix Il . It 1s concluded that, at the present time, the "exponen-
tial theory " best permits calculaiina the jet total pressure as a function of the base
pressure and of the geometry of the mcchine. However, jet velocity is best cal-
culated by using Chaplin's recently proposed modified momentum theory, which is
discussed in detail in Appendix Il.

ESTIMATION OF DUCT LOSSES

As mentioned earlier, the duct losses of any importance are those in the delivery
duct. In turn, they can be wall friction losses or flow separation losses.

The proposed delivery duct :ystem was chosen in Section |l to be a radial-flow
vaneless duct. For a machine of circular planform, the duct has axial symmetry;
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for a machine of noncircular planform, it does not, ond the flow pattern can hardly
be predicted theoretically. This does not make the determination of duct losses
any easier!

The prediction of duct losses for a generalized GEM internal-flow ducting system
is o very difficult task. Here, the redeeming factor is that the problem is pretty
well narrowed down, since one is merely concerned with this radial-flow vaneless
duct, a model of which can be built and tested easily. After initial tests, it is
possible to effect configuration changes and to reduce the duct losses by trial and
error; hence, the need for a comprehensive test program to supplement the findings
of the present program. This test program was carried out as Phase V of Contract
DA 44-177-AMC-886(T) and is reported in Section IV of this report.

For a reliable estimation of duct losses, one must then rely upon experimental re-
sults. However, some general remarks are in order as follows:

As stated above, the duct losses are made up of wall friction losses and flow sep-
aration losses.

The wall friction losses are due to a turbulent boundary layer type of flow, directly
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